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Abstract
In this paper we investigate the possibility of studying B → pi form factor
using the semi-inclusive decays B¯0 → pi+ + Xq. In general B → PX semi-
inclusive decays involve several hadronic parameters. But for B¯0 → pi+Xq
decays we find that in the factorization approximation, the only unknown
hadronic parameters are the form factors FB→pi0,1 . Therefore these form fac-
tors can be studied in B¯0 → pi+Xq decays. Using theoretical model calcu-
lations for the form factors the branching ratios for B¯0 → pi+Xd(∆S = 0)
and B¯0 → pi+Xs(∆S = −1), with the cut Epi > 2.1 GeV, are esti-
mated to be in the ranges of (3.1 ∼ 4.9) × 10−5(FB→pi1 (0)/0.33)2 and
(2.5 ∼ 4.2) × 10−5(FB→pi1 (0)/0.33)2 , respectively, depending on the value
of γ. The combined branching ratio for B¯0 → pi+(Xd + Xs) is about
7.4×10−5(FB→pi1 (0)/0.33)2 and is insensitive to γ. We also discuss CP asym-
metries in these decay modes.
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I. INTRODUCTION
There have been considerable efforts to understand the properties of B decays. Recently
several rare charmless hadronic B decays have been measured. These decays being rare are
sensitive to CP violating parameter γ in the Standard Model (SM) and also new physics
[1–6]. While most of the studies have concentrated on the exclusive B decay modes, there are
also some studies for semi-inclusive decays [3–5], for example B → η′X have been studied in
details experimentally [7]. At present there are several other multi-body rare B decays have
been measured, such as B → pipiK,KKK [8]. It can be expected that more B → PX decay
modes, with P being a light meson, will be experimentally studied. Theoretically at the
quark level the effective Hamiltonian for B decays is well understood in the SM. The quark-
hadron duality allows one to have a good understanding for inclusive hadronic decays. But
for exclusive and semi-inclusive decays there are more uncertainties. The major uncertainties
come from our poor understanding of the long distance strong interaction dynamics.
In rare charmless hadronic exclusive two body B decays of the type B → PP , the
operators which induce such decays in the SM, to the lowest order, are four quark operators
Oi. In the factorization approximation, the four quark operators are factorized into bi-quark
operators
< P1P1|Oi|B > = < P1|j1|0 >< P2|j2|B > + < P1|j′1|0 >< P2|j′2|B > +(1→ 2, 2→ 1)
+ < P1P2|j1|0 >< 0|j2|B > + < P1P2|j′1|0 >< 0|j′2|B >, (1)
where j′1× j′2 is the Fierz transformed form of j1× j2. The last two terms are referred as the
annihilation contributions which are usually assumed to be small and are neglected. The bi-
quark operators < Pi|j(
′)
1 |0 > and < Pi|j(
′)
2 |B > can be related to P meson decay constants
or B → P transition form factors. Several of the decay constants, such as fpi and fK have
been measured to good accuracy, but less is known about form factors. Present experimental
measurements are consistent with model calculations. To have better determinations of CP
violating parameter and possible new physics, more accurate determination of the form
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factors is necessary.
Some theoretical studies for semi-inclusive charmless hadronic decay modes B → PX
have been carried out before [3–5]. In the factorization approximation, the decay amplitude
contains several terms,
A(B → PX) = < X|j1|0 >< P |j2|B > + < P |j1|0 >< X|j2|B >
+ < PX|j1|0 >< 0|j2|B > +(Fierz transformed terms). (2)
Compared with exclusive decays, semi-inclusive decays involve fewer unknown hadronic pa-
rameters, therefore semi-inclusive decays may be better understood from theoretical point
of view. Experimentally semi-inclusive decays may be more difficult to study because back-
ground. In order to make sure that the observed events are from rare charmless B decays,
and other processes, such as B → D(D∗)X ′ → PX ′′, do not contaminate the direct rare
charmless hadronic B → PX decays, one needs to make a cut on the P energy. It has been
shown that with a cut of EP > 2.1 GeV, most of the unwanted events can be eliminated
[3]. The resulting events will have a small invariant mass M2X . With the cut EP > 2.1 GeV,
M2X < 5.7 GeV
2. Rare charmless hadronic B semi-inclusive decays can be studied exper-
imentally and useful information can be obtained. In this paper we study a class of the
semi-inclusive decay B¯0 → pi+Xq with the emphasis on the possibility of using this decays
to determine the form factor FB→pi0,1 .
II. DECAY AMPLITUDES FOR B¯0 → pi+XQ
From Eq. (2) we see that in general there are three types of terms in the factorization
approximation for the semi-inclusive decays of the type B → PX . Each of the terms
involves different hadronic parameters, with the first, the second and the third terms being
proportional to B to P transition form factor from < P |j2|B >, the P decay constant from
< P |j1|0 >, and some other parameters from < PX|j1|0 > and < 0|j2|B >, respectively.
If all three terms in Eq. (2) contribute with the same order of magnitude to a process,
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the accumulated uncertainties will be substantial due to uncertainties in all the hadronic
parameters involved, especially in the form factors.
If one or two terms in Eq. (2) can be eliminated, one can have a better understanding of
the processes involved. Indeed this can be achieved by an appropriate choice of the initial
meson B and the final meson P . For example in B¯0 → (K−X), (pi−X), the term proportional
to the form factors does not appear [4], and allow a good theoretical prediction. We find
that there is only one possible choice for P where the second term is eliminated. These
are the decays B¯0 → pi+Xq. Here Xd and Xs indicate the states having ∆S = 0 and
−1, respectively. These decays are directly related to the form factors FB→pi0,1 . Therefore
B¯0 → pi+Xq can be used to study these form factors and to test model calculations. The
form factors can also be studied in semi-leptonic B → lν¯lpi decays, probably with a better
accuracy compared with that determined from B¯0 → pi+Xq. However, the final states are
different, one in the leptonic environment and the other in hadronic environment. They are
complementary to each other.
In B¯0 → pi+Xq, the bi-quark operators can only be in the forms: j1 = q¯Γ1u and j2 = u¯Γ2b
and therefore
A(B¯0 → pi+Xq) = < Xq|j1|0 >< pi+|j2|B¯0 > + < Xqpi+|j′1|0 >< 0|j′2|B¯0 > . (3)
The second term being annihilation type is sub-leading. We will neglect its contribution.
Note that for q = s, the annihilation term is automatically zero.
We would like to point out that B¯0 → pi+Xq is a many-body decay. It is different
from two-body decays. There are, in fact, more ways of factorization for a many-body
decay, such as< X1|j1|0 >< X ′1pi+|j2|B¯0 > and < X2pi+|j′1|0 >< X ′2|j′2|B¯0 > and , with
Xq = X1 +X
′
1 = X2 +X
′
2. The two terms in Eq. (3) correspond to the cases: < X
′
1| =< 0|,
< X ′2| =< 0|, respectively. For B¯0 → pi+Xq with a cut Epi > 2.1 GeV, the final stateXq has a
small invariant mass. This is a quasi-two-body decay, with pi+ and Xq moving rapidly apart
in opposite directions. The probability of forming the final state < X ′1pi
+| with < X ′1| 6=< 0|
is less than the probability of forming the simple final state < pi+|. The contribution of the
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configuration < X2pi
+|j′1|0 >< X ′2|j′2|B > is dominated by < Xqpi+|j′1|0 >< 0|j′2|B¯0 > if it
is not zero. The cases with |X ′1 > and |X ′2 > not equal to |0 > are also higher order in αs
and therefore suppressed.
We are now ready to present the detailed calculations. The effective Hamiltonian for
rare charmless hadronic B decays at the quark level is given by
Heff =
GF√
2

VubV ∗uq(c1O1 + c2O2)−
∑
i=u,c,t
10∑
n=3
VibV
∗
iqc
i
nOn

 . (4)
Here On are quark and gluon operators and are given by
O1 = (s¯iuj)V−A(u¯jbi)V−A, O2 = (s¯iui)V−A(u¯jbj)V−A,
O3(5) = (s¯ibi)V−A
∑
q′
(q¯′jq
′
j)V−(+)A, O4(6) = (s¯ibj)V−A
∑
q′
(q¯′jq
′
i)V−(+)A,
O7(9) =
3
2
(s¯ibi)V−A
∑
q′
eq′(q¯
′
jq
′
j)V+(−)A, O8(10) =
3
2
(s¯ibj)V−A
∑
q′
eq′(q¯
′
jq
′
i)V+(−)A, (5)
where (V ± A)(V ± A) = γµ(1 ± γ5)γµ(1 ± γ5), q′ = u, d, s, c, b, eq′ is the electric charge
number of the q′ quark, and i and j are color indices.
The Wilson coefficients cin have been calculated in different schemes [9,10]. In this paper
we will use consistently the scheme independent NDR results. The values of cn at µ ≈ mb
with the next-to-leading order (NLO) QCD corrections are given by [10]
c1 = −0.307, c2 = 1.147, ct3 = 0.017, ct4 = −0.037, ct5 = 0.010, ct6 = −0.045,
ct7 = −0.0017αem, ct8 = 0.052αem, ct9 = −1.37αem, ct10 = −0.282αem,
cu,c3,5 = −
1
Nc
cu,c4,6 =
1
Nc
P u,cs , c
u,c
7,9 = P
u,c
e , c
u,c
8,10 = 0, (6)
where Nc = 3 is the number of colors and αem = 1/137 is the electromagnetic fine structure
constant. The functions P is,e are given by
P is =
αs
8pi
c2(
10
8
+G(mI , µ, k
2)), P ie =
αem
9pi
(Ncc1 + c2)(
10
9
+G(mi, µ, k
2)),
G(m,µ, k2) = 4
∫ 1
0
x(1− x) ln m
2 − x(1− x)k2
µ2
dx. (7)
We obtain the decay amplitudes in the factorization approximation as
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A(B¯0 → pi+Xq) = [αq q¯γµ(1− γ5)u+ βq q¯γµ(1 + γ5)u][F1(q2)(pµB + pµpi) + (F0(q2)
− F1(q2))m
2
B −m2pi
q2
qµ + γq q¯(1 + γ5)u
m2B −m2pi
mb −mu F0(q
2)], (8)
where q = pB − ppi, and
αq =
GF√
2
[VubV
∗
uq(
1
Nc
c1 + c2 +
1
Nc
ctu3 + c
tu
4 +
1
Nc
ctu9 + c
tu
10)
+VcbV
∗
cq(
1
Nc
ctc3 + c
tc
4 +
1
Nc
ctc9 + c
tc
10)],
βq =
GF√
2
[VubV
∗
uq(c
tu
6 + c
tu
8 ) + VcbV
∗
cq(c
tc
6 + c
tc
8 )],
γq =
GF√
2
[VubV
∗
uq(c
tu
5 + c
tu
7 ) + VcbV
∗
cq(c
tc
5 + c
tc
7 )](−
2
Nc
), (9)
where cij = ci − cj. The above coefficients depend on the momentum exchange k2. In the
heavy b quark limit, k2 = m2B(1− 2Eq/mB).
III. BRANCHING RATIOS FOR B¯0 → pi+XQ
From the decay amplitudes obtained in the previous section, we obtain the differential
branching ratio,
dΓ
dxdy
=
m5B
16pi3
[(|αq|2 + |βq|2)F 21 (1− x)(x+ y − 1) +
1
4
|γq|2F 20 (1− x)], (10)
where y = 2Eq/mB and x = 2Epi/mB. The physical integration intervals are: 0 < x < 1
and 1− x < y < 1. The branching ratios with appropriate cut on the pi+ energy Epi > Ecut
are given by
Γ(Epi > Ecut) =
∫ 1
2Ecut/mB
dx
∫ 1
1−x
dy
dΓ
dxdy
. (11)
There are several calculations of the form factors with the value to be typically in the
range of 0.3 ∼ 0.4 [11,12]. We will use FB→pi0,1 (0) = 0.33 for illustration. For Epi > 2.1 GeV,
the dependence on q2 is small, and we will use a single pole form as an approximation.
For the KM matrix elements we will use the following independent variables, Vus = λ,
Vub = |Vub|exp(−iγ), Vcb = Aλ2, with λ = 0.2196, A = 0.835, |Vub| = 0.08|Vcb|. The CP
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violating phase γ it treated as a free parameter. The results for the branching ratios are
shown in Figure 1. We see that the branching ratios for B¯0 → pi+Xd and B¯0 → pi+Xs in
the ranges of (3.1 ∼ 4.9)× 10−5 and (2.5 ∼ 4.2)× 10−5 respectively. These can be reached
at B factories.
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FIG. 1. The branching ratios as a function of γ.
We now would like to point out an interesting prediction in the SM regarding rate
differences. Due to the unitarity property of the KM matrix elements, Im(VubV
∗
udVcdV
∗
cb) =
−Im(VubV ∗usVcsV ∗cb), the rate differences, ∆d = Γ(B¯0 → pi+Xd) − Γ¯(B0 → pi+X¯d) and the
corresponding rate difference ∆s have the same magnitude but opposite sign. When the
final states Xd and Xs are not distinguished, one would get zero for the asymmetry, A,
A =
Γ(B¯0 → pi+(Xd +Xs))− Γ¯(B0 → pi−(X¯d + X¯s))
Γ(B¯0 → pi+(Xd +Xs)) + Γ¯(B0 → pi−(X¯d + X¯s)) . (12)
This can provide a test for the Standard Model.
We also studied CP asymmetries, with the energy cut Epi > 2.1 GeV, defined by
ACP =
Γ(B¯0 → pi+Xq)− Γ¯(B0 → pi−X¯q)
Γ(B¯0 → pi+Xq) + Γ¯(B0 → pi−X¯q) . (13)
The results for ACP are shown in Figure 2. Since ∆d = −∆s, because Br(B¯0 → pi+Xd) has
a larger value than Br(B¯0 → pi+Xs) it is easy to understand why the asymmetry ACP for
7
B¯0 → pi+Xs is larger than B¯0 → pi+Xd. The asymmetry in B¯0 → pi+Xd(Xs) can be as large
as 5% (6%).
0 60 120 180 240 300 360
γ(degree)
-0.15
-0.1
-0.05
0
0.05
0.1
0.15
A
CP
B-->piXd
B-->piX
s
FIG. 2. The CP asymmetries as a function of γ.
IV. DISCUSSIONS AND CONCLUSIONS
From discussions in the previous sections, it can be seen that the measurements of the
branching ratios for B¯0 → pi+Xq can obtain information about the form factors FB→pi1,0 .
If the form factor is known, the branching ratios can be predicted. The numerical values
are obtained using F1(0) = F0(0) = 0.33. In general F1(q
2) and F0(q
2) have different
dependence on q2, one would expect that several hadronic parameters are needed to specify
the details. However since F1(0) = F0(0) for small q
2, such as the case with Epi > 2.1
GeV, FB→pi1 (q
2) ≈ FB→pi0 (q2) ≈ FB→pi1 (0), the branching ratios to a good approximation
are proportional to F 21 (0). The branching ratios obtained can be normalized as, Br(F1) =
Br(F1(0) = 0.33))(F1(0)/0.33)
2. We have checked numerically with another set of realistic
form factors having different q2 dependence in Ref. [12]. We indeed find that in the kinematic
region we are interested, the results do not change very much.
We have argued previously that experimental measurements for B¯0 → pi+Xd, although
difficult, can be carried out with an appropriate cut on the energy of the the pion Epi.
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Combining the measurements with Xq = Xd and Xq = Xs can further enhance the statistic
significance. We find that the combined branching ratio for B¯0 → pi+(Xd + Xs) is ∼
7.4 × 10−5(FB→pi1 (0)/0.33)2 which is insensitive to the phase angle γ. This implies that
even without a good determination of γ, one can have useful information about the form
factors. The combined branching ratio also makes the task easier in that one does not need
to distinguish whether the final states Xq contains different strange numbers −1 or 0. To
ensure that the pi+ is from B¯0 → pi+Xd, and not from B0 → pi+X¯u, tagging on B¯0 or B0 is
necessary this can be carried out at B factories. Measurements of B¯0 → pi+Xq are therefore
possible.
There are several uncertainties involved. Some of the main uncertainties are from the KM
matrix elements and the phase γ. At present the best fit value for γ is around 600 [2]. If one
uses the modes B¯0 → pi+Xd and B¯0 → pi+Xs individually, one need a good knowledge of γ to
obtain precise information about the form factors. However, since the combined branching
ratio has a very weak dependence on γ, using the combined ratio to obtain information on
the form factors does not require a precise determination of γ. We studied the sensitivity of
the branching ratios on the magnitudes of the KM matrix elements. The largest one may
come from the magnitude of Vub. The branching ratio of B¯
0 → pi+Xd is almost proportional
to |Vub|2 which can be easily rescaled. The branching ratio of B¯0 → pi+Xs is less sensitive to
|Vub|. For an accurate determination of the form factors, a good knowledge of the magnitude
of the KM matrix elements, especially Vub is important.
In this paper we have studied a class of semi-inclusive charmless hadronic B decays
B¯0 → pi+ + Xq. We find that for these decays, in the factorization approximation, the
only unknown hadronic parameters are the form factors FB→pi0,1 . Accurate measurement
of these decays can provide important information about form factors. Using theoretical
model calculations for the form factors the branching ratios for B¯0 → pi+Xd(∆S = 0) and
B¯0 → pi+Xs(∆S = −1), with the cut Epi > 2.1 GeV, are estimated to be in the ranges
of (3.1 ∼ 4.9)× 10−5(FB→pi1 (0)/0.33)2 and (2.5 ∼ 4.2)× 10−5(FB→pi1 (0)/0.33)2 repesctively,
with the combined branching ratio to be 7.4× 10−5(FB→pi1 (0)/0.33)2 almost independent of
9
γ, which are within the reach of B factories. B¯0 → pi+Xq can provide interesting information
about the form factors. CP violating asymmetries in these decays can be studied; and with
the current knowledge of the KM phase γ, we expect the asymmetries to be around 5%.
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